Background: Guidelines suggest referral for scoliosis when rib slope (scoliometer measurement, angle of trunk rotation) is Z7 degrees. We hypothesized that overweight and obese patients would have lower scoliometer measurements compared with normal-weight and underweight patients for a given spinal curvature, causing overweight and obese patients with adolescent idiopathic scoliosis to present for treatment later and with larger curves. Our goal was to determine the association between scoliometer readings and major curve magnitudes in relation to body mass index (BMI). Methods: This retrospective cohort study at a tertiary referral center included 483 patients (420 girls) aged 10 to 18 years (mean age, 14 ± 1.6 y) with thoracic adolescent idiopathic scoliosis who presented to 1 orthopaedic surgeon for initial evaluation of spinal deformity from 2010 to 2015. Records were reviewed for BMI percentile for age and sex (underweight, rfourth percentile; normal weight, fifth to 84th percentile; overweight, 85th to 94th percentile; obese, Z95th percentile), patient characteristics, thoracic scoliometer measurements, and thoracic major curves. Results: Of the 483 patients, 23 were underweight, 372 were normal weight, 52 were overweight, and 36 were obese. Obese patients had a larger mean major curve (44 degrees) than normal-weight patients (34 degrees) (P = 0.004). The odds of presenting with a major curve Z20 degrees were 4.9 (95% confidence interval, 1.1-22; P = 0.037) times higher for obese versus normal-weight patients. Receiver operating characteristic analysis of major curves (Z20 vs. <20 degrees) estimated the scoliometer values with the greatest sensitivity and specificity to be 8 degrees for underweight patients, 7 degrees for normalweight patients, 6 degrees for overweight patients, and 5 degrees for obese patients.
S
coliosis is defined as a spinal curvature with a coronal plane deformity of Z10 degrees. 1 The major classes are congenital, idiopathic, neuromuscular, and syndromic. Approximately 80% of scoliosis cases are adolescent idiopathic scoliosis (AIS), with a prevalence of 3% in the general population. 2, 3 Early detection and treatment of AIS are crucial; bracing has been shown to decrease the need for surgical intervention and slow progression of high-risk curves. 4 Screening programs have been instituted in many countries to detect the deformity early while the spine is still amenable to orthotic treatment. [5] [6] [7] Initial assessment for scoliosis involves the Adams forward bend test. 8 If spinal asymmetry is observed, it can be quantified with a scoliometer to determine the angle of trunk rotation (ATR) for screening and referral purposes. Although it is impossible to reliably predict the major curve given a scoliometer value (because of large SDs), scoliometer values of 5 and 7 degrees are associated with mean radiographic major curves of 11 and 20 degrees, respectively. 9 In the past, patients with an ATRZ7 degrees were referred to an orthopaedic specialist for scoliosis evaluation. 9 The current standard of care is to refer a patient with an ATRZ10 degrees for immediate orthopaedic evaluation. Patients with an ATR < 5 degrees should be dismissed without rescreening, whereas patients with an ATR of 5 to 9 degrees should be rescreened every 6 months until 1 year after the occurrence of menarche. 10 To date, no studies have examined the relationship between scoliometer readings and major curve magnitude in the context of body habitus or body mass index (BMI).
Scoliometer measurements of ATR may be influenced by the amount of overlying tissue. Thus, we questioned whether patients with higher BMI values may have lower scoliometer measurements for the same spinal curvature. If so, this may lead to later diagnosis of AIS and larger scoliotic curves at the time of presentation compared with normal-weight patients. 11 We analyzed the relationship of BMI category with major curve magnitudes and scoliometer measurements of ATR in patients referred for evaluation of spinal deformity. We hypothesized that scoliometer measurements would be lower for a given spinal curvature in overweight and obese patients compared with normal-weight and underweight patients.
METHODS Study Design, Setting, and Participants
This was an institutional review board-approved retrospective cohort study of patients aged 10 to 18 years with AIS who presented to the senior author, an orthopaedic surgeon at a tertiary referral center, for initial evaluation of scoliosis or spinal asymmetry between January 2010 and June 2015.
We identified patients by using the International Classification of Diseases, Ninth Revision, Clinical Modification, code 737.30 for scoliosis and excluding those who did not have AIS. We included patients who had documentation of age, sex, BMI value, main thoracic major curve as measured by the Cobb method on radiographs, and main thoracic ATR measured with a traditional scoliometer. No patient had undergone treatment for AIS, and all were self-referred or referred by primary care providers or general orthopaedic surgeons. We excluded patients with scoliosis secondary to syndromic, neuromuscular, or congenital causes, as well as patients with leg-length discrepancies >1 cm, disc disease, sciatica, or infections. Patients were categorized into 4 groups on the basis of BMI percentile for age and sex (underweight, rfourth percentile; normal weight, fifth to 84th percentile; overweight, 85th to 94th percentile; and obese, Z95th percentile).
Statistical Analysis
We used descriptive statistics for demographic information; analysis of variance to assess differences in major curves, ATR, and age at presentation; w 2 test of independence to assess differences in sex distribution; and logistic regression to assess the relationship between ATR and major curves. We used receiver operating characteristic analyses of dichotomous categories of major curve magnitude (Z20 vs. <20 degrees) to determine the most sensitive and specific scoliometer values for each group [using the minimum Euclidean distance between the point (0,1) and the curve]; this method minimizes false positives while maximizing true positives. ATR values were then plotted in relation to the estimated probabilities (based on logistic regression) of a patient presenting with a major curve of Z20 degrees. Statistical significance was defined as a P < 0.05. Statistical analyses were performed with the statistical package R, version 2.15.1 (Free Software Foundation's GNU General Public License, Boston, MA), and Stata, version 13, software (StataCorp LP, College Station, TX).
RESULTS
This study included 483 patients (23 underweight, 372 normal weight, 52 overweight, and 36 obese). Mean (SD) age was 14 (1.6) years, and 87% of patients were female (Table 1) . Patients presented with a mean (SD) main thoracic major curve of 35 degrees (18 degrees) (range, 3 to 105 degrees) and a mean (SD) scoliometer value of 9 (5) degrees (range, 0-32 degrees) ( Table 1) . Post hoc comparisons using the Tukey honest significant difference test indicated that the mean major curve in the obese group was 10 degrees larger [95% confidence interval (CI), 3-15 degrees] than that in the normal-weight group (44 vs. 34 degrees; P = 0.004). Linear regression between major thoracic curve and ATR demonstrated that the mean predicted ATR in patients with a 20-degree major curve was 6 degrees (95% CI, 5-7 degrees) with a correlation coefficient of 0.7 (P < 0.01) (Figs. 1, 2) .
The odds of presenting with a major curve Z20 degrees on radiography were 4.90 (95% CI, 1.12-21.8; P = 0.037) times higher for those in the obese group compared with those in the normal-weight group. There was no significant difference between the odds of the overweight [odds ratio, 1.35 (95% CI, 0.60-3.04); P = 0.069] or underweight [odds ratio, 0.50 (95% CI, 0.16-1.55); P = 0.31] patients compared with normalweight patients. The optimal ATR cutoff values were 8 degrees for the underweight group, 7 degrees for the normal-weight group, 6 degrees for the overweight group, and 5 degrees for the obese group (sensitivities, specificities, positive predictive values, and negative predictive values shown in Table 2 ). Using these cutoff values, the probability of patients presenting with major curves of Z20 degrees on radiography were 69% for underweight patients, 77% for normal-weight and overweight patients, and 90% for obese patients (Fig. 3) . Given an ATR value of 5 degrees, the probabilities of presenting with a major curve of Z20 degrees were 48% for underweight patients, 64% for normal-weight patients, 71% for overweight patients, and 90% for obese patients.
DISCUSSION
This study shows that scoliometer measurements for a given spinal curvature vary by patient body mass. Obese children had larger major curves at the time of presentation compared with their normal-weight counterparts. In patients overall, the mean ATR at a major curve of 20 degrees was B6 degrees. We found a pattern indicating that patients with higher BMI values have lower scoliometer measurements of ATR for the same major curves.
Goodbody et al 11 reported that overweight and obese patients with AIS presented with larger curve magnitudes (24-degree and 25-degree major curves, respectively) compared with normal-weight patients (18-degree major curve). In our study, there was a significant difference only between normal-weight (34-degree major curve) and obese (44-degree major curve) patients. In addition, we found that obese patients had 4.9 times higher odds of presenting with a major curve Z20 degrees compared with normal-weight patients. It is possible that patients, their parents, or their providers notice the scoliosis deformity later secondary to a patient's large body habitus. In addition, Goodbody and colleagues 11 demonstrated that all patients in their study presenting with major curves in the surgical range of >45 degrees (15/150 patients) were overweight or obese. In our study, 127 of 483 patients had surgical-range curves. Of these patients, 5% were underweight, 65% were normal weight, 15% were overweight, and 15% were obese. Thus, although major curves were larger in obese patients, most patients requiring surgical intervention had BMI values within the normal range.
In 1984, Bunnell 12 reported on 1065 patients who had been referred from screening programs for orthopaedic evaluation of scoliosis, showing that greater ATR was positively correlated with greater curve magnitude. Bunnell's 9 1993 study has defined the referral criterion for scoliosis for more than 3 decades, which is to refer a patient with a scoliometer value of Z7 degrees to an orthopaedic surgeon. However, the mean predicted ATR at a major curve of 20 degrees was 6 degrees in our study (correlation coefficient, 0.70) compared with 7 degrees in Bunnell's study (correlation coefficient, 0.89). This may be because we have a larger proportion of overweight and obese patients in our study; the rate of adolescent obesity has more than quadrupled in the United States in the last 3 decades. 13, 14 Ng et al 15 The most important qualities of a screening test are sensitivity, specificity, reproducibility, and accuracy. The test should have well-defined cutoff values, and it should be safe, noninvasive, easy to perform, and inexpensive. [16] [17] [18] We show a range of sensitivities from 73% to 85% and a range of specificities from 72% to 100%. Of note, the value of 100% specificity found in the obese population using a cutoff of 5 degrees is limited, because only 2 patients presented with major curves of <20 degrees in the obese cohort. Historically, for an ATRZ7 degrees, the scoliometer test is characterized by a sensitivity of 83% and a specificity of 87%. 19 These values are comparable to those found in our study by BMI cohort.
Our receiver operating characteristic analysis suggests a trend that for the same spinal curvature, patients with higher BMI values may have lower scoliometer measurements of ATR. This means that scoliosis may be diagnosed later in patients with higher BMI values. For example, an obese child who presents with a scoliometer measurement of 5 degrees would not undergo radiography or receive a referral to an orthopaedic surgeon on the basis of conventional guidelines, although the patient, according to this study, would have a 90% probability of having a major curve Z20 degrees. In addition, a patient's large body habitus may mask physical examination findings. With new referral values, cases like these may be diagnosed earlier, resulting in earlier treatment. C, 20% of patients had <20-degree curves. D, 72% of these had ATR < 7 degrees. E, 80% of patients had Z20-degree curves. F, 73% of these had ATR Z7 degrees.
Although these referral values may detect a higher prevalence of scoliosis in the obese and overweight population, bracing may not be as beneficial in preventing curve progression in these patients compared with normal-weight and underweight patients. O'Neill et al 20 found that overweight patients (BMI Z85th percentile) were 3.1 times as likely to have unsuccessful orthotic treatment compared with patients who were not overweight. This may be attributable to the inability of the orthoses to transmit corrective forces effectively through increased soft tissue. However, 55% (17/31) of obese patients did not have curve progression. Of the patients who were not overweight, 28% (69/245) had curve progression. Although being overweight may undermine the We found that when measuring ATR in underweight patients, the scoliometer had optimal sensitivity and specificity at 8 degrees, compared with 5 degrees in obese patients with the same major curve. This suggests that extra soft tissue objectively decreases the rotational deformity measured during the Adams forward bend test using the scoliometer.
Our study is limited by several factors. Sample sizes in the underweight, overweight, and obese groups were small compared with the normal-weight group. All patients were referred to an orthopaedic specialist; it is unknown how many of these referrals were made on the basis of scoliometer measurements. At our institution, scoliometer values were measured by 1 pediatric orthopaedic surgeon; therefore, interobserver and intraobserver reliability were not assessed. Future research may include examining the general adolescent population (eg, using samples of children screened in schools) to help define appropriate referral thresholds for patients in different BMI categories. Because of differences in sagittal alignment, the distribution of overlying soft tissue may differ between the kyphotic thoracic vertebra and the lordotic lumbar vertebra. Only main thoracic curves were assessed in this study; lumbar curves should be evaluated in future studies.
Despite these limitations, our results provide valuable information about BMI values in relation to spinal curvatures and scoliometer measurements of ATR. We demonstrated that obese patients present with larger thoracic curves, which may be attributable to later diagnosis because of having a larger body habitus. We recommend the modification of referral criteria based on scoliometer measurements to account for the increasing prevalence of obesity. We advocate that the conventional 7 degrees referral criterion be used for normal-weight patients, but that 8 degrees be used for underweight patients, 6 degrees for overweight patients, and 5 degrees for obese patients. These criteria may reduce unnecessary referrals for underweight patients while allowing earlier identification and treatment of scoliosis in overweight and obese adolescents.
